The ST1 center is a point defect in diamond with bright fluorescence and a mechanism for optical spin initialization and readout. The center has impressive potential for applications in diamond quantum computing as a quantum bus to a register of nuclear spins. This is because it has an exceptionally high readout contrast, and unlike the well-known nitrogen-vacancy center, it does not have a ground state electronic spin that decoheres the nuclear spins. However, its chemical structure is unknown, and there are large gaps in our understanding of its properties. We present the discovery of ST1 centers in natural diamond. Our experiments identify interesting power dependence of the center's optical dynamics and reveal new electronic structure. We also present a theory of its electron-phonon interactions, which we combine with previous experiments, to shortlist likely candidates for its chemical structure.
Introduction
When designing hybrid quantum technologies, we seek to develop an architecture that uses different types of qubits [1] . The advantage of this approach is that we can exploit each system's strengths while mitigating their weaknesses. By using a hybrid architecture, the diamond quantum computing platform demonstrates impressive performance at room temperature [2] . In particular, these systems use the negatively charged nitrogen-vacancy (NV − ) center's electron spin as a quantum bus to nearby 13 C nuclear spins [3] [4] [5] . We use this configuration because the electron spin interacts strongly with control fields but is a poor qubit because of its short coherence time. Conversely, the nuclear spins have a long coherence time but cannot be controlled easily because of their weak interactions [6] . One major limitation of this approach is that the NV − center's ground state electron spins, because its relaxation decoheres the nearby nuclear spins [3, 7] . Efforts have been made to mitigate this problem by electronically switching the NV into a spinless charge state [8] . However, this proves challenging from an engineering perspective.
The ST1 center promises to avoid this issue completely as it has a singlet (spinless) electronic ground state, which allows long nuclear spin coherence, and a photo-excited metastable triplet level, which can realize a quantum bus. The ST1 center also has brighter fluorescence and optical spin-readout contrast than the NV center, making it a strong candidate for the next generation of hybrid diamond quantum computing technologies [9, 10] . However, as the ST1 center's spin must be manipulated in the metastable triplet, its use as a quantum bus is more complicated than the NV center. In particular, initialization must be precisely timed and control pulses must be applied within the lifetime of the state. Furthermore, the triplet's lifetime places a strict upper bound on the spin coherence time, unlike the NV center were dynamical decoupling can be used to extend spin coherence by orders of magnitude.
Progress in utilizing the ST1 center for quantum technology has been frustrated because it has been difficult to reproduce. Indeed, detection of the ST1 center has only been reported twice: first by Lee et al. [9] in ultra-pure single crystalline HPHT diamond after fabrication of vertical nanowires and later by John et al. [10] in ion-implanted single crystal chemical vapor deposition diamond. As both observations were in manufactured diamond, ST1 creation has been attributed to the synthesis process, and the long-term stability of the defect is unknown. Because of the scarcity of samples, there are large gaps in our understanding of the ST1. Principally, its chemical composition and structure is unknown. Its electronic structure has been partially identified, but it may still have additional levels. There has been no work on studying the ST1 center's electron-phonon interactions or ensemble variation.
In this paper, we report the first observation of ST1 centers in natural diamond, indicating defect stability on geological timescales. We also conducted optical characterization of these ST1 that revealed unknown electronic levels; pump power dependent photodynamics that demonstrate an impressive (up to 80%) optical spin readout contrast at high laser power; and new insight into its electron-phonon interactions that we use to identify the possible chemical structures of the center. These observations provide significantly more insight into the nature of the center, and by shortlisting possible structures, our analysis will enable future studies to be more targeted. This will lead more rapidly to precise identification of the defect. This paper has the following structure. In section 2, we present an overview of the known characteristics of the ST1. In section 3, we detail the experimental apparatus we used to study our sample. In section 4, we present the optical characterization of the defects found in the sample, including a study of the site-to-site variation of its zero phonon line (ZPL). We then present the photodynamics experiments that demonstrate additional levels in its electronic structure and optical properties. In section 5, we decompose our high-resolution optical spectra to obtain the electron-phonon spectral density. We use this spectral density and critical point analysis in section 6 to identify a set of the simplest possible defect structures that are consistent with experiment.
The ST1 center
A few of the key characteristics of the ST1 center are known to date. Lee et al. [9] and John et al. [10] both report that the center's key optical features are a sharp ZPL around 550 nm (2.25 eV) and broad phonon side band (PSB) extending out to 750 nm. These features indicate that the optical transition occurs between two discrete levels deep in the diamond bandgap. Their optical characterization established that it is a single emitter by observing the characteristic dip in photon-autocorrelation at zero delay. The autocorrelation also showed pronounced bunching shoulders, which strongly indicated the presence of a long-lived shelving state.
The proposed electronic structure of the ST1 consists of singlet ground and excited states (see Figure 1) . The shelving state was determined to be a triplet. This was demonstrated by observing increased fluorescence corresponding to microwave fields resonant with three electron spin resonance transitions. The increase in fluorescence was explained by studying the optical dynamics of the system. The key features of the optical cycle are a rapid intersystem crossing (ISC) from the excited to the shelving state followed by another ISC to the ground state. The decay rate of the lower ISC is determined by the lifetimes of the triplet sublevels: τ |0〉 ≈ 2500 ns, τ |−1〉 ≈ 1000 ns, and τ |+1〉 ≈ 250 ns. As the |0〉 state is much longer lived than the other sublevels, the system can be spin polarized into this sublevel. Because of the substantial differences in sublevel lifetimes, the rate of nonradiative decay to ground state via the metastable state can be significantly enhanced when spin population is driven out of the longer-lived triplet sublevels via resonant microwave excitation. This results in an increase in average fluorescence, thereby enabling spin readout and the optical detection of magnetic resonance. The readout contrast is up to 45%.
The optically detected magnetic resonance (ODMR) spectra of the triplets showed a fine structure at zero field: 2E = 278 ( 
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x y z S S S S = are the usual dimensionless spin operators, S = 1 is the total spin, B is an external magnetic field, γ e is the free-electron gyromagnetic ratio (the observed g factor is g ≈ 2.0(1)), and both D = 1135(1) MHz and E = 139 (1) MHz are the zero field splitting parameters. Rotation of an applied magnetic field demonstrated the spin-quantization axis of the triplet in the 〈110〉 crystalline direction; this defines the orientation of the spin operators in equation (1) ) and that the center has C 2ν or lower symmetry. Optical polarization studies of the defect show that the transition dipole moment of the main transition is also in 〈110〉. However, it is unknown if the spin-quantization axis and dipole moment are co-aligned. Hyperfine splitting of the triplet due to nearby 13 C was observed, but no further hyperfine structure intrinsic to the defect was identified. This seemingly suggests that the most prevalent isotopes of the center's chemical constituents are spinless.
Experimental details
Our experimental procedure involved identification and analysis of ST1 centers in a natural diamond sample, which was host to a wide verity of fluorescent sites. Our primary tools were optical microscopy, ODMR, optical spectroscopy, and optical dynamics.
For our optical characterization, we employed a homebuilt confocal fluorescence microscope with a 532 nm green excitation laser. The fluorescence was detected using either an avalanche photodiode or a spectrometer. For our ODMR measurements, we applied microwaves through a copper wire positioned above the sample and an external magnetic field using a permanent magnet. All of our results were obtained at room temperature except our emission spectra, which were obtained at 5 K. For our optical polarization studies, a half wave plate (HWP) along with a linear polarizer was placed in the detection path. Polarization dependence was measured by rotating the half wave plate. Our study of the optical dynamics of the system analyzed the second-order photon correlation function, g (2) , at different excitation powers. The autocorrelation function from single sites was measured in a Hanbury Brown and Twiss configuration, where the fluorescence was split by a 50:50 beamsplitter and detected using two avalanche photodiodes.
Experimental results
We started by scanning a natural diamond sample using our confocal microscope. As shown in Figure 2A , we find a host of fluorescent sites in the sample. Of these, we observed that many sites increased in fluorescence when we applied microwaves resonant to the known ST1 spin transitions. The sites, marked in Figure 2B , were abundant and uniformly distributed throughout the sample. We identified them as ST1 centers from their emission spectra, depicted in Figure 2E , and ODMR signature, shown in Figure 3A . We repeated magnetic field rotation, Figure 3C , to show that the centers have their major spin axis and dipole moment oriented in the 〈110〉 directions. However, we could not determine whether these were co-aligned or not. The g (2) autocorrelation for the detected sites, Figure 2D , shows a dip at zero delay and has bunching shoulders at higher excitation powers, which is consistent with the previous observations. We did not observe any hyperfine structure intrinsic to the defect. This supports previous suggestions that the center's chemical constituents are spinless. We identified 10 sites and studied the variation between ST1 centers from site to site. The spread of the ZPL wavelengths in the sample of centers we measured was ≈20 nm; the ZPL frequency distribution is inset as a histogram in Figure 2E . Notably, each of the defects measured showed similar ODMR spectra. As the ZPL is expected to be significantly more susceptible to strain than the ODMR features, we attribute the distribution of ZPL energies to local variation of strain between sites.
A new feature we observed was an interesting power dependence of the center's photoluminescence. Between laser powers of ≈100 and 200 W, the defect did not show blinking and had a brightness comparable to that of the NV centers. However, as we swept to higher laser powers (up to 800 W), the defects exhibited peculiar saturation behavior. This manifested in a doughnut-shaped fluorescence pattern in our confocal scans, shown in Figure 2C . The dip in fluorescence is due to the Gaussian profile of the laser beam, which only saturates fluorescence as the center of the laser spot passes over the defect. This was further characterized in Figure 4 , where we measured total fluorescence while sweeping laser power. As demonstrated in Figure 4C , increasing laser power leads to an impressively higher ODMR contrast of up to ≈80%. These new observations motivated us to revisit of the photodynamics of the ST1 center.
We started with the simplest rate equation model that describes the established electronic structure. This is given by 0 e x 0 f 1 0 0
where excitation from the ground to the excited state is parameterized by k ex , k f is the excited state's fluorescent lifetime, and the parameters k + , k − , and k 0 are the depopulation rates from the respective triplet sublevels. For simplicity, we ignore the differences in the upper intersystem crossings for each triplet, assuming that they are all k ISC . These rates are derived by solving the rate equation and fitting the g (2) autocorrelation; we provide details of this procedure in section Supplementary S1.
We interrogated the power dependence of the rate equation parameters by fitting them at different laser powers. Figure 4D shows that the depopulation rate from the triplet sublevels is independent of the pump power. This eliminates the possibility of an intensity-dependent depopulation channel from the triplet sublevels to the ground state. Figure 4E depicts the power dependence of k ex (green). As expected k ex increases linearly with pump power, as described by the equation
where I is the applied focal irradiance and σ(λ) is the corresponding absorption cross-section at excitation wavelength λ. By fitting the slope of k ex , we can extract an absorption cross-section of σ ≈ 10 −17 cm 2 , which is comparable to the reported absorption cross-section of the NV center. Figure 4E also shows an unexpected linear dependence of k ISC on pump power (orange). As the upper intersystem crossing rate should be independent of pump power, it suggests that there is another channel for population transfer from the excited state to the triplet. This could be due to an internal transition to an excited manifold of defect levels or photoionization of either an electron to the conduction band or a hole in the valence band. In either case, there needs to be an accompanying preferential decay to the triplet state. Otherwise, the ODMR contrast would also reduce with increasing excitation power, instead of the observed increase. In the case of an internal manifold, this would require an ISC to the triplet state. In the case of photoionization, preferential return to the triplet level could occur via cascaded recapture of the ionized particle, where the particle is captured at a higher rate into the triplet level rather than the ground state because of the emission of fewer phonons. To determine whether the second excited states are internal levels of the defect or ionized states, polarization measurements of the second excitation should be performed. If they are internal states, the second excitation will be well polarized. If they are ionized states, then the excitation will not exhibit polarization. By assuming that the lifetimes of the higher excited states are very small, we can include them phenomenologically into our model (described in section Supplementary S1) to estimate the second excitation rate. From this, we find a second absorption cross-section of σ ≈ 10 −18 cm 2 .
Decomposition of the phonon side band
Focusing now on a detailed analysis of the optical band. The PSB of an optical transition is generated by the electron-phonon interactions involved in the transition. In the absence of vibronic interactions, such as the Jahn-Teller effect, the PSB can be described by the linear symmetric mode model [11] . The linear symmetric mode model was applied extensively by [12] in the analysis of diamond color centers. Davies showed how the model could be used to extract the electron-phonon spectral density, referred to as the one-phonon band. Applying critical-point analysis allows this spectral density to be interpreted in terms of structural features of the defect [13] . This is the approach adopted in this section. Given an emission band I em (ω), the bandshape function, I(ω), of a center is proportional to I em (ω − ω 0 )ω −3 , where ω 0 is the ZPL frequency and I em is the emission spectra. The band function is given by
where S is the total Huang-Rhys factor, I 0 is the ZPL shape, and ⊗ denotes convolution. The function
is the n-phonon band that is constructed by successive convolutions of the one-phonon band. The one-phonon band represents all processes involving the creation and annihilation of a single phonon. Through self-convolutions, it generates the n-phonon band I n , which describes all n-phonon processes with total energy ħω. In theory, one can directly extract the one-phonon band from the band function by applying an inverse Fourier transform to equation (4), rearranging to obtain an expression for I 1 (t), and then applying a Fourier transform, ˆ, F to obtain
However, because of the largely featureless PSB of the ST1 center, the large Huang-Rhys factor (S = 5), and the comparatively low signal-to-noise of our experimental spectra, this direct Fourier deconvolution method is difficult because it is sensitive to numerical and spectral noise. Thus, the direct method is only sufficient to obtain an initial estimate of I 1 (ω). These issues can be overcome by using an iterative deconvolution method developed by Kehayias et al. [13] . We applied this method by first obtaining an approximate one-phonon band from Fourier deconvolution. We then smoothed and tapered this approximate one-phonon band to form our first estimate ( ). I ω We applied the following equation to generate an improved estimate 1 1 ( ) I ω for the one-phonon band:
where k is the inductive step index. We then inductively repeated this procedure of calculating the normalized PSB components and generating the next estimate of the one-phonon band until it converged. This processes only required a small number of iterations, and the results are depicted in Figure 5 . As can be seen, the generated band function matches the central line of the spectrum very well. We now turn to critical point analysis to relate the features of the one-phonon band to structural components of the defect. The key assumption of critical point analysis is that the center does not significantly perturb the phonon modes of pristine diamond. Using this approach features in the one-phonon band corresponds to either frequencies of high mode density and/or where there is strong coupling to the defect orbitals. Figure 6 shows the extracted one-phonon band against the phonon band structure (PBS) and density of states (DOS) of diamond. The absence of spectrally sharp features at frequencies above Ω shows that the optical transition does not couple to local modes; only weak coupling to the continuum modes is present. This validates the key assumption of our application of critical point analysis.
As shown in Figure 6 , the one-phonon band's largest feature is a broad peak centered at 60 meV. The prominence of this feature indicates that at this frequency, two things are occurring: a high density of modes and strong coupling to the defect. Indeed, the feature is coincident with the "leveling out" of the transverse phonon bands at the L-point, which implies a higher relative density of modes of that phonon type. Furthermore, as the L-point The PSB spectrum from experiment (gray points), a polynomial fit of the spectrum to show its centerline (dashed blue), the calculated PSB (dashed orange), and its constituent n-phonon bands. The sum of n-phonon bands equals the calculated PSB.
lies on the edge of the Brillouin zone, these phonons also result in maximum displacement between equivalent atoms in neighboring unit cells. This implies that for the defect to strongly couple to these modes, its orbitals must be well localized to the nearest-neighbor atoms of a lattice site. This is just like the orbitals of the NV − center in diamond that surround a vacant lattice site.
The plots in Figure 7 show that the one-phonon bands of ST1 and NV − are indeed remarkably similar. Assessment of the critical points of the NV − phonon band by Kehayias et al. [13] showed that it also couples most strongly to phonon modes at the L-point. They observed that L-point modes would result in the greatest distortion of the electron density localized to the dangling sp 3 orbitals about the center's vacancy. The strong similarities of the onephonon bands of ST1 and NV − strongly indicate that the ST1 center contains a vacancy and the orbitals involved its optical transition are highly localized to this vacancy. We use this conclusion to greatly simplify the identification of possible defect structures of the ST1 center.
Identifying the ST1
In this section, we outline the simplest defect structures that are consistent with the experimental understanding of the ST1 center acquired to date. The analysis of the PSB motivates studying vacancy centric models for the ST1. Recapping, the center has C 2ν symmetry or lower, and it is oriented along the [110] axis. These two pieces of information constrain the simplest defect structures to those containing a vacancy with nearby substitutional lattice impurities orientated along the [110] axis. We accordingly restrict the geometries considered in this work to substitutions of either the nearest neighbors to the vacancy or of its next-to-nearest neighbors within the same reflection plane of the defect. Schematics of these geometries are provided in Figure 8 .
The shortlisted structures can be further constrained by considering that intrinsic hyperfine structure has not been detected for the ST1 center. As the electron spin density of the defect is localized to the vacancy's nearest-neighbour atoms, the absence of hyperfine structure particularly constrains defects with substitutions of these atoms to those without nuclear spin. Alternatively, a lack of hyperfine would support a next-to-nearest neighbor substitution as spin density would be localized to the vacancy and, thus, unlikely to couple strongly to a nuclear spin two atomic sites distant. As the ST1 has a ground singlet, it has an integer spin. This means that the defect consists of an even number of electrons. The nearest neighbors to the vacancies contribute at least a total of four electrons to the defect. Impurities may only contribute a total of two additional electrons or none. The defect therefore has either four or six electrons. Ignoring positive charge states because of their low prevalence in diamond, we propose the following candidate impurities: [Si] ) . We list a selection of the simplest possible ST1 geometries in Table 1 .
Having identified the set of simplest defect structures, we will now construct their electronic structures to test if they are consistent with experiment. We do this by applying the standard defect molecule model [15] . Adopting a minimal basis of the four dangling sp 3 orbitals from the atoms surrounding the vacancy, we combine these linearly to form a basis of symmetrized molecular orbitals. Considering a defect with C 2ν symmetry, we form the following molecular orbitals: To proceed with constructing the electronic structure, we must now energetically order the molecular orbitals (MOs). The possible ordering options can be reduced by interpreting the orientations of the center's optical dipole moments and spin quantization axes. The absence of orbital degeneracy in C 2ν and lower symmetry, combined with the singlet ground state, implies that the highest occupied molecular orbital (HOMO) of the ground configuration is doubly occupied. Hence, we can immediately identify the ground electronic state as a 1 A 1 via Ünsold's theorem. It follows that the dipole moment of the optical transition and the spin-quantization axes are determined by the levels of the first excited configuration, where one electron has been promoted from the HOMO to the lowest unoccupied molecular orbital (LUMO) of the ground configuration. Lee et al. [9] found that both the dipole moment and the spinquantization axis are oriented in one of the equivalent [110] directions but could not distinguish if they were co-aligned. In S2, we evaluate the optical selection rules and interpret the elements of the spin-spin tensor to infer the orientation of the dipole moment and spin-quantization axis, respectively. We find that the only HOMO/LUMO pairs that are consistent with experiment are (a 1 , b 1 ) and ( 1 , a′ b 2 ). The molecular orbital model we present is consistent with the second excited manifold being internal states arising from the occupation of an additional molecular orbital. Though we cannot conclusively show that these are excited states, it is instructive to explore this possibility in the molecular model. Hence, assuming that the e no.
Defect symmetry and structure
The labeling convention follows the one defined in Figure 8 . excited states are internal, observation of a second transition can be used to determine the energetic ordering of the remaining MOs. If the defect comprises of four electrons, the second excited state is where an electron in the HOMO is promoted to the second LUMO. If it has six electrons, there are two potential second excited configurations: (1) where an electron is promoted from the second HOMO to the HOMO (which is partially occupied in the first configuration), or (2) promotion of both the HOMO electrons to the LUMO. Figure 9 shows the MOs and identifies the configurations that could be associated to the excited states. As we did with the first excited state, the transition dipole moment of the second transition can be used to identify the symmetry of the second excited state. Thus, future experimental work should seek to determine the polarization of this second transition to further constrain the possible identity of the molecular orbitals and electronic levels.
Having heavily restricted the large number of defect candidates, it is now feasible to conduct ab initio calculations. The electronic structure, transition dipole moment, vertical transition energy, and spin-spin tensor can be extracted from these calculations and compared with the experimental observations and theory presented in our work.
Conclusion
In this paper, we report the first discovery of ST1 centers in a natural diamond sample. We present an experimental study of its optical spectra and dynamics, particularly, their dependence on excitation power. We used theoretical tools to identify its possible chemical and electronic configuration. Our key results are as follows: (1) Table S2 . (7) The possible ST1 electronic structures that are consistent with experiment have been identified in section 6. These observations are a significant advance in our fundamental understanding of the center. Our work provides the groundwork to make identification of the defect via ab initio simulations or experiment feasible. Consequently, it is a significant step toward the practical realization of an ST1 quantum bus.
Supplementary material
The supplementary information can be found with the online version of the article. For an arbitrary HOMO/LUMO pair (a, b), (A) and (B) are the potential orbital configurations associated to the four-and six-electron molecular models, and (C) is the associated electronic structure if there was an internal manifold. The numbered arrows represent the allowed transition pathways to the first and second excited transitions. These, when combined with the orientation of the dipole moment, help identify the symmetry of the electronic states.
